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THE ROLE OF ~-LACTOGLOBULIN IN THE DEVELOPMENT OF THE
CORE - AND-LINING STRUCTURE OF CASEIN PARTICLES
IN ACID- HEAT- INDUCED MILK GELS
V. R. Harwalkar and Mi l oslav Kalab

Food Research Centre , Research Branch, Agricu l ture Canada
Ottawa, Ontario, Canada KIA OC6

Introduction

Abstract

Variations i n the ultrastructure of casein
micelles have been observed in gels obtained by
coagulating milk using various acidulants. A unique 'core-and-lining' structure was observed in
gels obtained by coagulating mllk heated to go•c
at pH 5.5 [3, 4, 6]. This structure, observed in
gels produced with many acidulants used in the
study (I .e., glucono-&-lactone and citric, hydrochloric, and oxalic acids) is characterized by an
ou ter memb rane-lilce lining surrounding a solid
core which is sepa r ated from the lining by an
an nul ar space, 50 t o 80 nm wide. The core-andl ining structure is characteristic of some acidheat mllk gels , such as the Latin-American White
cheese (Queso Blanco) [9] and Indian paneer [B].
It is very stabl e and has been observed in process
cheese which contained Wh i te cheese as an ingredi ent [1) . The existence of this structure was
demonstrated us i ng va r tous electron microscopy
techniques such as thin-sectioning of samples embedded in a resin, replication of frozen hydrated
samples, and re pl ication of dried samp les [6] . The
find i ngs were confirmed by others [M. A. Christ man, personal corrmunication].
The mec hanism of the formati on of the coreand-lining structure is not fully understood.
However, it was observed to develop only at temperatures exceeding 70'C [4], I.e. , at temperature s at which the format io n of a complex composed
of P-lactoglobulin and K-casein is promoted.
The objective of this study is to examine the
ro le of protein interactions in the development of
the core-and-1 ining structure. For this purpose,
model systems involving isolated casei n micelles,
~-lactoglobulin, and milk. dialyzate were studied.

Acid-heat-i nduc ed gels were obtained by co-

agulating casei n micelle dispersions at 90°C using
gl ucono-&-1 acto ne. The casein micelles used were
isolated from raw skim milK by centrifugation,
washed free of whey proteins and soluble salts,

and dispersed i n water or a milk dialyzate. The pH
values of the gels varied from 4.7 to 6.3. A coreand-lining ult r astructure developed in casein

particles coagulated at pH 5.2 to 5. 5 from casein
micelle dispersions in the milk dialyzate provided

that P-lactoglobulin or whey proteins (10 mg/mL)
were added to t hem prior to coagulat ion. Addition
of ~ - lactoglobulin t o aqueous casein micelle dis persions led to the development of a considerably
less distinct core-a nd-lining ultrastructure of
the resulting gels. Coagulated casein particles
obtained from casein micelle dispersions in water
or in the milk d ia lyzate to which neither ~ - lacto 
globulin nor whey proteins were added, did not
show the core-and-lining ultrastructure but contained voi d spaces inside and were covered with
loosely aggregated prote i n on the surface .
It was concluded that both P-lactoglobulin or
whey proteins and the milk salt system are essential for the formation of the core-and-lining
ultrastructure in the casein micelle dispersions
gelled by heating at 90'C at pH 5. 2 to 5. 5.
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Materials and Methods
Casein micelle dispersions
Fresh sk im milk used in this study was prepared by separating cream from poo1ed mll k obtai ned from the herd of dairy cows at the Centra 1
Experimental Farm of Agriculture Canada in Ottawa.
Casein micelles were prepared from the skim
mllk by centrifugation at 8xJ04 g in a Beckman
Model L4 ultracentrifuge operated at 4'C for 2 h.
The whey and residual fat layers were remo ved by
suction using a Pasteur pipet. The casein micelle
pel l et was washed twice by dispersing it in

Key Words: Acid-heat-induced milk gels,
Case in
micelles, Core-and-l i ning structure, Electron
microscopy, Gelation, Glucono-&-lactone, ~-lacto
globulin, Milk.
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glass-distilled water or in a mill< dialyzate at
the original volume of the mill< and recentrifuging
it under the same conditions as mentioned above.
The washed casein micelles were finally dispersed
in distilled water or in a milk dialyzate for use
in this study.
Milk dialyzate was obtained by dialyzing
steri le distilled water closed in dialyzing tubing, 20 ITT1l in diameter, that was suspended in a
bulk milk tank at 4' to 6'C for 24 h.
Whey proteins were prepared by thoroughly
dialyzing acid whey against distilled water and by
freeze-drying the dialyzate. a-Lactoglobulin was
of corrmercial origin as '3x crystal liz ed a-lactoglobulin' (Sigma Co. , St. Louis, MO, USA).
Gelation
-------wa"S"hed casein micelles were dispersed in distilled water or in a milk dialyzate to obtain 2%
solutions. Aliquots (3 ml) of these dispersions
were used either plain or following the addition
of crystalline a-lactoglobulin or whey proteins
(10 mg/mL). The dispersions were placed in small
test tubes, heated at 90°C in a water bath, and
solid glucono-6-lactone (GOL, 7 to 30 mg) was
added to them to form 0.25% to 1.0% solutions. The
mixtures were stirred and held at 90°C until the
protein formed gels as the result of acidulation
by gluconic acid developing from hydrolysis of
GDL. The protein gels were then rapidly cooled to
22cc using cold water and sampled for electron
microscopy.
Electron mi croscopy
Sma 11 cubes (approximately 1 rrrn3) of the gels
under study were fixed at 22°C in an aqueous 2.8%
glutaraldehyde solution for 2 hand were postfixed
under similar conditions in a buffered {0.05 M
verona l -acetate buffer, pH 6.75) 2% osmium tetroxide solution. Then the samples were washe d with
the veronal-acetate buffer, dehydrated in a graded
(20%, 40%, 60%, 80%, 96%, and 100%) ethanol
series, and embedded in Spurr's l ow-viscosity
resin (J. B. EM Service, Inc . , Pointe-C la ire,
Dorval, Quebec). Sections, 90 nm thin, were
stained with uranyl acetate and lead citrate solutions and examined in a Philips EM-300 electron
microscope operated at 60 kV [9].

Table 1. Characterization of case in mic el le gels

Dispersion in:

Protein pH: c-&-L *: Fig.·
added:

Water
Water
Wat er

None
No n e
None

6.3
s. 6
5. 3

No
No
No

Corpuscular
Void spaces
Void spaces

None
None
None

6.3
5. 5
s. 0

No
No
No

Void spaces
Void spaces
Void spaces

Dial.
Dia l.
Dial.

'-LGi

4.7

s
5.

No
Yes
Yes

Like yoghurt

~- LG

Water
Water

~-LG

Dial.

wplt

Dial .
Dial .
Dial .

**

~ -LG

Weak
Weak

~-LG

5. 3

10
11

Strong 12

Note on
structure:

Corpuscular
Corpuscular
Like in milk
gels

*
**t

Core-and-1 in ing u lt rastruct ure
Milk dia lyzate
~-Lactogl obu lin,
10 mg/mL
tt Whey pro te ins, 10 mg/mL

any of these gels obtained solely from washed
casein micelles (Figs. I to 6) . Although the gels
made at pH 5.5 using casei n mice l les dispersed in
the milk dialyzate showed a compact layer at t he
surfac e of the aggregated casein particles (Fig.
5), there was no annular space that would separate
the core from the l ining. The formation of the
compact protein layer at the casein particle

Figs. 1 - 3. Heat-induced gels obtained from
aqueous dispersions of casein micelles at
90'C at pH 6 . 3 (Fig. 1), pH 5.6 (Fig. 2 ). and
pH 5.3 (Ftg. 3). Casein micelle entities have
vanished in a l l gels. Corpuscular ultrastructure composed of particles varying in dimensions (pairs of small light arrows in Fig . 1)
was observed in all 3 gels. Large pores or
void spaces (large light arrows) developed as
pH was decreased (Figs. 2 and 3). Minute dark
partic les in Fig. 2 (small dark arrows) are
an artefact (probably a glutaraldehyde-osmium
tetroxide complex [ 10]) .
Figs . 4 - 6. Heat- induced gels obtained from
dispersions of casein mice l l es in a milk dialyzate at pH 6 . 3 ( Fig. 4), pH 5 . 5 (Fig . 5 ) ,
and pH 5.0 (Fig . 6 ) . Large void spaces (light
arrows) in compact casein particles are
filled with l oosely aggregated protein. Simi lar protein may 00 observed on the particle
surface (small dark arrows). Casein gels
obtained at pH 5.5 (Fig. 5) have a compact
pro tein layer ( laxge dark arrows) at their
surface. Corpuscular ul trastruoture composed
of particles smaller than 0.1 J.ilTI in diameter
is particularly evident in gels made at pH
5 . 0 (pairs of small light arrows in Fig. 6 ).

Results and Discussion
Addition of solid GDL (0.25 to 1.0%) to casein micelle dispersions heated at 90°C produced
gels having pH va lu es between 5.0 and 6.3 and
varyin g in characteristics (Tab le 1).
Plain casein micelle gels
The microstructures of the acid-heat-induced
protein gels obtained from casein micelle dispersions in distilled water are shown in Figs. 1- 3
and gels obtained from casein micelle dispersions
in a milk dialyzate are presented in Figs. 4 - 6.
All these f igures show l arge, loosely aggregatedto-fused particles of casein. In some samples,
there are large pores or void spaces which presumably re su lt from the so lubilizat ion of col l oida l
ca lcium phosph ate at low pH [II]. In the absence
of colloidal calcium phosphate, the submicellar
structures of the casein micelles collapse and
fuse by hydroph obic interaction which is promoted
by low pH and high temperature . However, the typical core-and-lining structures were not evident i n
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surface may be linked to the dissociation and
reassociation of casein micelles observed by
Heertje et al . [5] . As pH is further lowered to
5 . 5, ~-casein is released from the micelles [13) .

An increase in non-sedimentable caseins and a
decrease in colloidal calcium phosphate are also
observed at pH 5 . 5 [II] .
Changes in the mineral balance caused by

be assumed that the properties of casein micelles
at this pH are very impor t ant. In this pH range,
casei n micelles have the optimal voluminosity or
hydrodynamic volume, high percentage of non-sedime ntable casein, and a reduced concentration of
colloidal calcium phosphate . These phenomena have
been linked to the removal of the colloidal calcium pho sphate and some casein and swelling of the

heating may also contribute to the deposition of
casein on the su rfa ces of the altered casein micelles . As the temperature is increased, so l ub le
calcium phosphate preci pitates. This precipitatlon
lowers pH possibly to the point of minimum Zetapotentia l of 13-casein to approximately pH 5. 2 and
causes the precipitation of 13-casein on the periphery of the caseinate particles. The membranelike lining is less evident in aqueous dispersions
than in the mllk. dialyzate dispersions. There is
very little soluble calcium phosphate in the
aqueous dispersions and pH changes due to heating
are pr esumably less extensive.
Casein micelle gels containing a-lactoglobulin or
whey proteins
The microstructures of gels obtained by heating dispersions of casein mice lles to which 1% of
13-lact og l ob ulin was added, are shown in Figs. 7 to
11. Gels obtained from casein micelles dispersed
in milk dialyzate are featured in Figs. 7 to 9 and
gels obtained from casein micel les dispersed in
distilled water are shown in Figs. 10 and 11. The
microstructure varied depending on the final pH
value of the gels after heating and on the medium
in which the casein micelles had been dispersed.
At pH 4.7, the gel network. of fused casein mi-

residual micelles [11). The heat-induced interac-

tion between 13-lactoglobulin and K-casein results
in the development of filamentous appendages [2,
7). Ca lciu m ions enhance this interaction [12]

which partly explains the importance of the milk.
sa 1t sys tern for the formation of the core-andlining structure. The caseins, particularly 13-casein , dissociated from the micelle during the heat
treatment precipitate on the protruding filamentous appendages to form a lining and leave an
annular space between the casein core and the
lining formed. These considerations based on the
data presented in this paper are consistent with
the model proposed earlier [4) to illustrate the

mechanism of the formation of the core-and-lining
struc t ure. The hypothesis that the core-and-lining
structure may be the result of differences in
contraction of the different proteinaceous materials during redeposition of dissociated caseins [5]
cannot be supported by the present work.. The micrographs in Figs. 1 to 6 produced in the absence
of 13-lactogl obulin do not show the contraction
behaviour mentioned above to result in the formation of the core-and-1 i ni ng structure .
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the typica l core-and-lining struc tu re is evident
(Figs. 8 and 9) though not as clear l y as in the
skim milk gels [3, 4). The typical core- and - l i ning

structure was also evident when the dispersions of
casein micelles in milk dialyzate were heated in
the presence of whey proteins at pH 5.3. Fig. 12

shows the structure to be well developed. Howe ver,
micrographs of gels obtained by heating aqueous
dispersions of casein mi celles with ~-lactoglob

Figs. 7 - 9. Heat-induced gels obtained from
casein micelle dispersions in a milk dialyzate in the presence of added P- lactog lobulin
(10 mg l mL) at pH 4.7 (Fig. 7 ) , pH 5.5 (Fig.
8), and pH 5.3 (Fig. 9). At pH 4.7. the protein network resembles that of yoghurt [2, 7,
101. The core-and-lining ultrastructure developed in gels made at pH 5.5 and 5.3 (ar-

ulin at pH 5.3 and 5.5 (F i gs. 10 and II) sh owed

the core-and-lining structure to be developed le ss
distinctly. It may be assumed, therefore, that the
presence of either ~-lactoglobuli n or whey proteins in conjunction with the milk. salt system i s
essential for the development of the typical coreand-lining structu r e. It was observed that heating
of casein micelle d ispersi ons with the milk salt
system t n the absence of 13-lactoglobulin or whey
proteins did not lead to the development of the

rows).
Figs. 10 and 11 .

Heat-induced gels

obtained

from aqueous casein micelle dispersions containing P-lactoglobulin (10 mg l mL) at pH 5 . 5
(Fig. 10) and pH 5.3 (Fig . 11). The core-andlining structure developed at pH 5. 3 is less
distinct than at pH 5 . 5 (large dark arrows).
Compact particles approximately 0 . 1 ~m in

core-and- l ining structure (Figs . 4 to 6).
Earlier work [4) has shown that the heating

of skim milk, which contained 13-lactoglobulin and
the milk salt system, at pH 5.5 and at tempera-

tures higher than 70°C was essent tal for the format 1on of the core-and-1 in i ng s true ture to take
place. It is wel 1 known that heating at temperatures above 70°C promotes the formation of a complex between 13-lactoglobulin and K-casein. The
formation of the core-and-lining structure is thus
associated with the existence of that complex and
the presence of the milk salt system.

diameter (pairs of small light axrows) are
connected with each other by loosely aggregated protein (small dark arrows) .
~Heat-induced gel obtained at pH
5 .3

from casein micelles dispersed in a milk dialyzate which contained whey proteins . The

core-and-lining

ultrastructure

(axrows)

is

well developed and similar to that found in
milk gels [3, 4).

Since pH of 5.2 to 5.5 is critical to the de-

ve l opment of the core-and-lining structure, it may
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same within 0.02 unit with the micell es suspended
in water or the mllk dialyzate.
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di lute casein micelles is known to cause their
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Discussion with Reviewers
Y. Kakuda

and 0. G. Schmidt:

Were

the

mixtures

heated at 90°C for any appreciable time prior to
the addition of glucono - &-lactone?

they emphasize the need of

Authors: It took approx i mat ely 3 to 5 min to reach

~-lactoglobulin

for the

core-and-lin in g structure to develop .

that temperature and there was no holding before
glucono-&-lactone was added.

Y. Kakuda: The mode 1 requ i res conditions where
~-casein dissociates into the serum phase and, at
the same time, precipitates on the appendages .
Does this require a drop in pH from 5.5 {dissociation of ~-casein) to 5.2 (minimum charge) or does
this signify two different types of interactions

Y. Kakuda:
Were the initial pH values different
for the distilled water samp les compared to the
dialyza tes?
Authors:
The in it ial pH values were nearly the
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II compared wlth those in Figs. a and 9?
Authors: We have no answer for this difference.
Possibly, the lack of minerals 1n aqueous suspensions contributes to a more extensive fusion of

for ~-casein - one interaction with the micelle
and the other with the appendages?
Authors: It should be remembered that the pH of
5.5 was measured after rapidly cooling the heated

samples. During heating, we envisage that the pH
at the high temperature may have dropped further

the casein particles during heating.

to possibly 5.2,

D. G. Schmidt: I have noticed that the 12 micrographs presented have been obtained at 5 various
magnifications, which makes their comparison dif ficult. Is there any rea son for such differences
in magnificatio n or would it be better to show all
the micrograp hs on the same sca le ?
Our intention was to show the casein
Authors:
aggregates as well as the detail of the structures
developed. Thus, a 1 though the images shown 1 n
Figs. 5 and 6 are similar, Fig. 5 shows the entire
cluster and Fig. 6 shows the detail of void spaces
and submicellar structures. In order to show the
development of the core-and-lining structure in
some gels (Figs. a to !D). a higher magnification
had to be used .

1 .e .,

to a point of the minimum

charge . This could be the result of the combined
effect of high temperature and the precipitation
of calcium phosphate. The precipitation of the
caseins that dissociated from the micelles as the
pH was lowered wou ld take place irrespective of
the presence or absence of the appendages on the
casein micelle surfaces.
Y. Kakuda: The addition of whey proteins (and skim
milk in previous studies} produced a more distinct
core-and-1 ining structure. Does this imply some
role for a-lactalbumin?
Authors:
The possible contribution of whey proteins other than ~-lactoglobulin to the development of the core-and-lining structure was not
examined in this report. It may be worthwhile to
do so.

D. P. Dylewski: Would the application of scanning
electron microscopy (SEM) in conjunction with TEM
provide additional information to help interpret
the structure of core-and-lining in casein particles, or is this unnecessary?
Authors: TEM is best suited to show the core-andlining structure , be it by staining thin sections
of embedded samples or replication of freeze-fractured samples with platinum and carbon. The need
to examine the interior of the casein particles in
order to reveal the void annu l ar space around the
core and the small dimensions of that void space
make it more d1fficult to study this structure by
SEM.

B. E. Brooker: How could voids in the casein particles arise by solubilization of calcium phosphate? How would calcium phosphate associate into
such large structures in the first place?
Authors: The cause of the void spaces in the casein particles 1s speculative. These voids pre sumably result from a number of different effects.
As the pH is lowered, colloidal ca l cium phosphate
and some caseins are removed and swelling 1s observed [11]. The casein particles are closer to
their isoelectric point. During the gelation of
these particles by heat at the lower pH, aggregation IT'ay take pl ace through hydrophobic interactions. Steric hindrance during aggregation by
fusion may also play a role.
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